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HQHUJ\ LV WUDQVIHUUHG WR WKHPDWHULDO WR LQGXFHVRPHFKDQJHV LQ LW 7KLV LQLWLDOSURFHVVRFFXUV LQYHU\VKRUW WLPH
DSSUR[LPDWHO\HTXDOVWRWKHODVHUSXOVHGXUDWLRQVDQGUHTXLUHVRSKLVWLFDWHGKLJKVSHHGHTXLSPHQWWRYLVXDOL]HWKHP
7KHLQLWLDOSURFHVVLVIROORZHGE\RWKHUVORZHUSURFHVVHVVXFKOLNHSKDVHFKDQJHVRIWKHPDWHULDOLQWHUDFWLRQVZLWK
VXUURXQGLQJ DWPRVSKHUHVPRYHPHQW DQG VKDSH FKDQJH RI WKHPDWWHU DQG WKHUPDO DQGPHFKDQLFDO HIIHFWV 7KHVH
FKDQJHV RFFXU ERWK LQ WLPH DQG VSDFH DQG LW LV HVVHQWLDO WR REVHUYH QRW RQO\ WKH WLPH YDULDWLRQV RI SK\VLFDO
SDUDPHWHUVDWDIL[HGSRLQWEXWDOVRWKHVSDWLDOFKDQJHVRIWKHSURFHVVLQWLPH
7KHUHIRUHZH KDYH GHYHORSHG D FXVWRPGHVLJQHG KLJKVSHHG YLGHRJUDSK\ V\VWHP GHVLJQDWHG ³KLJKVSHHG ODVHU
VWURERVFRSLFYLGHRJUDSK\+6/69´WRREVHUYHVXFKODVHULQGXFHGSURFHVVHVLQZLGHWLPHVFDOHVIURPPLFURVHFRQGV
WRVHFRQGVZLWKDPRGHUDWHVSDWLDOUHVROXWLRQ7DQDEHHWDO8VLQJWKLVV\VWHPZHDUHDEOHWRDFTXLUHLPDJHV
FRQWLQXRXVO\ DW LQWHUYDOV DV VKRUW DV  PV DQG DW D KLJK WLPH UHVROXWLRQ RI OHVV WKDQ  QV 7KH WHFKQLTXH LV D
FRPELQDWLRQ RI D KLJKVSHHG YLGHR FDPHUD ZLWK D KLJKUHSHWLWLRQ UDWH VKRUW SXOVH ODVHU DQG LWV UHFRUGLQJ VSHHG
GHSHQGVRQWKHUHSHWLWLRQUDWHVRIWKHFDPHUDDQGWKHODVHU$WSUHVHQWERWKUHSHWLWLRQUDWHVDUH0+]DWWKHKLJKHVW
DQG REVHUYDWLRQV RQ HYHQWV RFFXU IDVWHU WKDQ  PV UHTXLUH RWKHU PHWKRGV VXFK OLNH KLJKVSHHG SXPSSUREH
SKRWRJUDSK\WHFKQLTXHDIUDPLQJVWUHDNFDPHUDRUVHTXHQWLDOO\WLPHGDOORSWLFDOPDSSLQJSKRWRJUDSK\67$03
ZKLFKLVUHFHQWO\GHYHORSHGE\1DNDJDZDHWDODQG6X]XNLHWDO7KHVHWHFKQLTXHVKRZHYHUUHTXLUH
YHU\VRSKLVWLFDWHGHTXLSPHQWDQGWHFKQLTXHVDQGFDQFDSWXUHRQO\DOLPLWHGQXPEHURILPDJHVRQHRUDIHZIUDPHV
IRUVLQJOHHYHQWDQGDODUJHQXPEHURIPHDVXUHPHQWVPXVWEHUHSHDWHGO\SHUIRUPHGWRREVHUYHZKROHHYHQWZKLFK
PLJKWH[WHQGVIURPIHPWRDQGSLFRVHFRQGVWRPLOOLVHFRQGV6XFKUHSHDWHGPHDVXUHPHQWVDUHWLPHFRQVXPLQJDQG
VXEMHFW WRVKRWWRVKRW IOXFWXDWLRQVRI WKHHYHQW2XU+6/69WHFKQLTXHFDQUHFRUGFRQWLQXRXV LPDJHVIRUDVLQJOH
HYHQW DQG LV D FRPSOHPHQWDU\ WHFKQLTXH WR WKH RWKHU KLJKVSHHG LPDJLQJ WHFKQLTXHVPHQWLRQHG DERYH+HUHZH
SUHVHQWWKUHHH[DPSOHVIURPRXUG\QDPLFREVHUYDWLRQVRQODVHULQGXFHGSURFHVVHVODVHUSHHQLQJG\QDPLFVRIODVHU
LQGXFHGEXEEOHVLQOLTXLGVE\DQDQRVHFRQGODVHUDQGPLFURPDFKLQLQJRQKDUGDQGEULWWOHPDWHULDOE\DIHPWRVHFRQG
ODVHU
+LJKVSHHGODVHUVWURERVFRSLFYLGHRJUDSK\+6/69
2.1. Basic system 
2XUKLJKVSHHGYLGHRJUDSK\V\VWHPZDVLQLWLDOO\GHYHORSHGIRUG\QDPLFDOREVHUYDWLRQRQUDSLGVKDSLQJRIDWKLQ
QHHGOH LQ VLQJOH GLVFKDUJH SKHQRPHQD XVLQJ D WKLQ HOHFWURGH$ WKLQ QHHGOH RI OHVV WKDQ PP LQ GLDPHWHUZDV
LQVWDQWDQHRXVO\IRUPHGRQWKHWLSRIWXQJVWHQHOHFWURGHRIPPGLDPHWHUE\VLQJOHGLVFKDUJHRIDIHZKXQGUHGV
PLFURVHFRQGGXUDWLRQ7DQDEHHWDODQG,WRHWDO'XULQJWKHGLVFKDUJHVWURQJHPLVVLRQ
IURPDUFSODVPDPDNHVLWGLIILFXOWWRREVHUYHWKHHOHFWURGHVKDSHFKDQJHDQGDKLJKVSHHGYLGHRFDPHUDWDNHVRQO\
HPLVVLRQLPDJHRIWKHSODVPD:HXVHGDVKRUWSXOVHODVHUDWQPDVDEDFNOLJKWVRXUFHRIWKHYLGHRDQGSODFHGD
EDQGSDVVILOWHUDWQPLQIURQWRIWKHFDPHUDWRDOORZRQO\WKHODVHUOLJKWUHDFKWKHFDPHUD%\WKLVFRPELQDWLRQ
ZHFRXOGFRPSOHWHO\VXSSUHVVWKHSODVPDHPLVVLRQDQGREVHUYHWKHVKDSHFKDQJHRIWKHHOHFWURGHGXULQJDQGDIWHU
WKH GLVFKDUJH 2EWDLQHG YLGHRV LQGLFDWHG WKDW WKH WKLQ QHHGOHZDV WKH FHQWHU SDUW RI WKH HOHFWURGH OHIW XQPHOWHG
GXULQJWKHGLVFKDUJHDQGDSSHDUHGDVVXUURXQGLQJPHOWHGSDUWPRYHGXSZDUGGXHWRVXUIDFHWHQVLRQRIWKHPHOW,WR
HWDODQG7DQDEHHWDO
7KLVWHFKQLTXHKDVRWKHUPHULWV(IIHFWLYHVKXWWHUVSHHGLVGHWHUPLQHGE\DQLOOXPLQDWLQJODVHUGXUDWLRQMXVW
OLNH D VWURERVFRSH DQG LW LV PXFK VKRUWHU WKDQ VKXWWHU VSHHG RI WKH YLGHR FDPHUD  /DVHU SXOVH HQHUJ\ RI
DSSUR[LPDWHO\P-RU OHVV LVEULJKWHQRXJKWRJLYHFOHDU LPDJHVLQVKDGRZJUDSKPRGHDQGQHHGQRWWRXVHKLJK
SRZHUOLJKWVRXUFHV,WLVHDV\WRFRQVWUXFWVHYHUDOW\SHVRILPDJLQJRSWLFVGXHWRWKHKLJKGLUHFWLYLW\RIWKHODVHU
EHDPHYHQWKRXJKWKHKLJKFRKHUHQF\RIWKHODVHUPLJKWFDXVHVRPHLQWHUIHUHQFHHIIHFWVLQFDSWXUHGLPDJHV7KH
VLQJOHODVHUEHDPFDQGLYLGHLQWRWZRRUPRUHRSWLFDOSDWKVWRWDNHPXOWLSOHYLGHRVVLPXOWDQHRXVO\LIZHKDYHWZRRU
PRUH FDPHUDVZKLOH WLPLQJ RI HDFK IUDPH UHFRUGHG LQ GLIIHUHQW YLGHRV LV H[DFWO\ V\QFKURQL]HG EHFDXVH WKH HDFK
LOOXPLQDWLQJODVHUSXOVHLVRULJLQDWHGIURPVLQJOHSXOVH

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
)LJ3ULQFLSOHRIKLJKVSHHGODVHUVWURERVFRSLFYLGHRJUDSK\+6/69V\VWHP$GLJLWDOGHOD\JHQHUDWRUV\QFKURQL]HVWKHFDPHUDDQGWKHSUREH
ODVHUSXOVHDQGWKHSXPSODVHUWULJJHUVUHFRUGLQJRIYLGHR
2.2. System construction  
,QWKLVSDSHUZHSUHVHQWWZRW\SHVRI+6/69V\VWHPVFRQVLVWHGIURPFRPELQDWLRQVRIGLIIHUHQWYLGHRFDPHUDV
DQG ODVHUV2QHV\VWHPHPSOR\VDKLJKVSHHGYLGHRFDPHUDZKLFKFDQRSHUDWHDVIDVWDV0+]ZLWK[
SL[HOVLPDJHEXWFDQDFTXLUHRQO\IUDPHV6KLPDG]X+\SHU9LVLRQ+39$(WRKHWDO7KRUHGGHVHQ
HWDO$ODVHUXVHGDVDOLJKWVRXUFHFDQRSHUDWHDWKLJKUHSHWLWLRQUDWHRIXSWR0+]DWQPDQGSV
SXOVHGXUDWLRQ)LDQLXP+($QRWKHUV\VWHPXVHVDYLGHRFDPHUDZKLFKFDQRSHUDWHDWN+]ZLWK[
SL[HOV LPDJH EXW WDNHV  RUPRUH FRQWLQXRXV LPDJHV 3KRWURQ )DVWFDP 6$  7KH EDVLF V\VWHP GHVLJQ LV
LOOXVWUDWHGLQILJXUH
,QVRPHH[SHULPHQWVDQDQRVHFRQGODVHUDWQPLVDOVRXVHGDVDQLOOXPLQDWLQJODVHUVRXUFH7KHILUVWV\VWHP
LVPDLQO\XVHGLQKLJKVSHHGREVHUYDWLRQRIWKHVLQJOHHYHQWZKLOHWKHVHFRQGXVHGLQREVHUYDWLRQVIRUORQJHUWLPH
VFDOH DQG IRU DPXOWLSOH LUUDGLDWLRQ HYHQW/DVHUEHDPVDUH H[SDQGHG WR LOOXPLQDWH DUHDV DERXW[PPDQG
QHXWUDOGHQVLW\ILOWHUVDQGEHDPDWWHQXDWRUVDGMXVW WKHLU LQWHQVLW\ ,PDJHVDUHPDJQLILHGE\FRPELQDWLRQRIVLPSOH
OHQVHV WR DSSURSULDWH VFDOH DQG SURMHFWHG RQ WR WKH FDPHUDV WKURXJK D EDQGSDVV ILOWHU DW  QP2WKHU RSWLFDO
FRPSRQHQWVVXFKDVZDYHSODWHVSRODUL]HUVRUDNQLIHHGJHDUHSODFHGLQRSWLFDOSDWKZKHQQHHGHG
'\QDPLFDOYLVXDOL]DWLRQVWKURXJKKLJKVSHHGODVHUVWURERVFRSLFYLGHRJUDSK\
3.1. Laser peening  
7HFKQRORJLHV RI ODVHU SHHQLQJ KDYH EHHQ DSSOLHG LQ LQGXVWU\ WR LPSURYH WRXJKHQV DQG KDUGQHVV RIPDWHULDOV
HVSHFLDOO\RIPHWDOVXUIDFHV,QPDQ\FDVHVODVHUSHHQLQJLVFDUULHGRXWZLWKVRPHVDFULILFLDOOD\HUVRUXQGHUOLTXLGV
WRREWDLQKLJKHUVWUHVVDQGSURWHFW WKHSHHQHGVXUIDFHIURPGLUHFW ODVHU LUUDGLDWLRQ/DVHUSHHQLQJXQGHU OLTXLGV LV
HIIHFWLYH GXH WR VRFDOOHG FRQILQHPHQW HIIHFW RI WKH OLTXLG OD\HU RQ ODVHULQGXFHG SODVPD ,W LV UDWKHU GLIILFXOW WR
PHDVXUH WKHPDJQLWXGHRI ODVHU LQGXFHGVWUHVVGLUHFWO\DQG WKHHIIHFWVKDYHEHHQHVWLPDWHGIURPKDUGHQLQJRI WKH
PDWHULDODIWHUWKHSHHQLQJZLWKFRPSDULVRQWRWKHQXPHULFDOVLPXODWLRQV:HKDYHEHHQDSSOLHGRXUYLGHRV\VWHPVWR
REVHUYHWKHODVHUSHHQLQJSURFHVVXQGHUOLTXLGWRYLVXDOL]HWKHFRQILQHPHQWHIIHFWVDQGWKHUROHRIWKHOLTXLGOD\HU
7RYLVXDOL]HWKHODVHULQGXFHGVWUHVVZHKDYHFRQVWUXFWHGDFLUFXODUSRODULVFRSHV\VWHPZLWKHSR[\UHVLQEORFN
WDUJHWV 7KH ODVHU LQGXFHG VWUHVV ILHOG ZDV YLVXDOL]HG DV D SKRWRHODVWLF LPDJH ZKLOH WKH VWUHVV ZDYH DQG
SODVPDEXEEOH G\QDPLFV LQ OLTXLGV ZDV UHFRUGHG DV VKDGRZJUDSKV (DUOLHU SKDVH RI WKH SHHQLQJ SURFHVV ZDV
YLVXDOL]HGE\D FRQYHQWLRQDO SXPSSUREHKLJKVSHHGSKRWRJUDSK\EHFDXVHZHHPSOR\HGDQDQRVHFRQG ODVHU DV D
SXPSODVHUDQGUHTXLUHGIDVWHUREVHUYDWLRQWKDQRQHPLFURVHFRQG)LJXUHVKRZVH[DPSOHVRILPDJHVREWDLQHGE\
WKHSXPSSUREHSKRWRJUDSK\DQGILJXUHVKRZV WKRVHREWDLQHGE\ WKH+6/697KHSURSDJDWLRQRIVKRFNZDYHV
DQGH[SDQGLQJDQGFROODSVLQJSURFHVVHVRIFDYLWDWLRQEXEEOHVRQDVROLGVXUIDFHZHUHREVHUYHGLQ OLTXLG WRJHWKHU
ZLWK WKH VLPXOWDQHRXVREVHUYDWLRQRI WKHGHYHORSPHQWRI VWUHVV IULQJHV LQ WKH VROLG VDPSOH1JX\HQHW DO 
,WZDVYHULILHGWKDWQXPEHURISKRWRHODVWLFIULQJHVZDVDPHDVXUHRIWKHPDJQLWXGHRIVWUHVVLQVLGHWKH
VROLG 7KHYLGHRV FOHDUO\ VKRZHG WKDW WKH VHFRQGDU\ VWUHVV ILHOG DQG VKRFNZDYHVZHUHJHQHUDWHGZKHQ WKH ILUVW
FDYLWDWLRQEXEEOHFROODSVHGDQGLWVPDJQLWXGHVZHUHDSSUR[LPDWHO\RIWKHILUVWVWUHVVHVLQGXFHGZKHQWKHILUVW
EXEEOH ZDV JHQHUDWHG (IIHFWV RI ZDWHU OD\HU WKLFNQHVV RQ ODVHULQGXFHG VWUHVV ZHUH YLVXDOL]HG DQG HVWLPDWHG
7DQDEHHWDO

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)LJ([DPSOHVRISKRWRHODVWLFLPDJHVREWDLQHGLQZDWHUDWQVDIWHULUUDGLDWLRQRIDEFP-SXOVHVIRFXVHGRQWRWKHVDPSOH
VXUIDFHDQGGSODVPDHPLVVLRQUHFRUGHGIRUP-SXOVHDWQVDIWHULUUDGLDWLRQ)LJXUHVDWRFFOHDUO\VKRZVKRFNZDYHVSURSDJDWLQJLQWR
ZDWHUDQGSKRWRHODVWLFIULQJHVSURSDJDWLQJLQWRHSR[\UHVLQEORFNV6PDOOEODFNVHPLVSKHUHVDWWKHFHQWHUDUHODVHULQGXFHGFDYLWDWLRQEXEEOHV
1XPEHURIIULQJHVDQGWKHVL]HRIWKHEXEEOHLQFUHDVHZLWKLQFUHDVLQJSXOVHHQHUJ\ZKLOHWKHVL]HRIVKRFNIURQWLQZDWHURQO\VOLJKWO\LQFUHDVHV
1JX\HQHWDO








)LJ'\QDPLFVRIODVHULQGXFHGEXEEOHDQGVWUHVVILHOGLQHSR[\UHVLQEORFNXQGHUZDWHUIRUP-ODVHUSXOVH1JX\HQHWDO
3.2. Dynamics of laser-induced cavitation bubble 
5HVXOWV VKRZQ LQ WKHSUHYLRXV VHFWLRQ VXJJHVWV WKDWRXU+6/69V\VWHP LV VXLWDEOH IRU VWXGLHVRQG\QDPLFVRI
ODVHU LQGXFHG FDYLWDWLRQ EXEEOHV LQ OLTXLGV &DYLWDWLRQ EXEEOH G\QDPLFV LQ OLTXLGV KDYH EHHQ VWXGLHG LQ IOXLG
PHFKDQLFV DV ZHOO DV PHFKDQLFDO LPSRUWDQFH RI FDYLWDWLRQ HURVLRQ 9RJHO DQG /DXWHUERUQ  6DVRK HW DO
/DXWHUERUQDQG9RJHO)LJXUHDUHSLFNHGXSLPDJHVIURPDYLGHRWRVKRZWKHWLPHHYROXWLRQRID
FDYLWDWLRQEXEEOH LQGXFHG LQZDWHU IURPDP- ODVHU SXOVH IRFXVHG LQWRPPEHORZ WKHZDWHU VXUIDFH7KH
LPDJHVREWDLQHGIURPRXUV\VWHPZHUHPXFKVKDUSHUWKDQWKRVHRISUHYLRXVVKDGRZJUDSKUHSRUWVE\3HWNRYãHNDQG
*UHJRUþLþEHFDXVHYHU\VKRUWOLJKWSXOVHVZLWKGXUDWLRQVRIRQO\SVSURMHFWHGRXULPDJHVZKLFKLVPXFK
IDVWHUWKDQWKHVSHHGRIEXEEOHH[SDQVLRQ,QDGGLWLRQWKHVHLPDJHVDUHFDSWXUHGIRUVLQJOHHYHQWDQGIUHHIURPVKRW
WRVKRWYDULDWLRQVRIHYHQWV7RSURZUHSUHVHQWV WKH ILUVWEXEEOHG\QDPLFVZKLOHERWWRPURZWKHVHFRQG UHERXQG
EXEEOHG\QDPLFV7KHILUVWEXEEOHNHHSVUDWKHUZHOOGHILQHGVSKHULFDOVKDSHGXULQJLWVH[SDQVLRQDQGVKULQNDJHZLWK
LWVFHQWHUDWIL[HGORFDWLRQDVLQGLFDWHGE\DGRWWHGOLQHLQWKHILJXUH7KHFHQWHUSRVLWLRQVWDUWVWRPRYHGRZQZDUG
LQPVLPDJHDQGGXULQJLWVFROODWLRQSKDVHWKHFHQWHUSRVLWLRQIXUWKHUPRYHGGRZQZDUGDVVKRZQLQWKHERWWRP
URZ7KHQWKHFHQWHURIWKHVHFRQGEXEEOHUHPDLQHGDWDSSUR[LPDWHO\WKHVDPHORFDWLRQXQWLOWKHVHFRQGFROODSVH
6KDSHRIWKHVHFRQGEXEEOHEHFRPHVGHIRUPHGDQGLUUHJXODU(PLVVLRQRIVKRFNZDYHVLVFOHDUO\REVHUYHGLQLPDJHV
ȋȌ
Plasma 
Surface 
ȋȌ
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
)LJ3LFNHGXSLPDJHVIURPDYLGHRWRVKRZWKHWLPHHYROXWLRQRIDFDYLWDWLRQEXEEOHLQGXFHGLQZDWHUIRUDP-DEODWLRQODVHUSXOVH7RS
URZUHSUHVHQWVWKHILUVWEXEEOHG\QDPLFVDQGERWWRPURZWKHVHFRQGUHERXQGEXEEOHG\QDPLFV7KHLPDJHDWPVLVVKRZQLQERWKURZVIRU
FRPSDULVRQVVDNH

DW PV DQG PV ZKHQ WKH ILUVW DQG WKH VHFRQG EXEEOH FROODSVH (IIHFWV RI OLTXLG YLVFRVLW\ RQ WKH EXEEOH
G\QDPLFVKDYHUDUHO\EHHQVWXGLHGVRIDU1XPHULFDOVLPXODWLRQVWXG\KDVUHSRUWHGWKDWHIIHFWVRIWKHYLVFRVLW\DUH
UDWKHUVPDOOEXWZHGRQRWILQGDQ\H[SHULPHQWDOVWXG\RQWKLVLVVXH:HXVHGVLOLFRQRLOVZLWKZLGHUDQJHRINLQHWLF
YLVFRVLWLHV9LVFRVLW\GHQVLW\DQGUHIUDFWLYH LQGH[RIZDWHUDQGVLOLFRQRLOVXVHGDUH OLVWHG LQ WDEOH6LOLFRQRLOV
KDYH DSSUR[LPDWHO\ WKH VDPH GHQVLW\ DQG UHIUDFWLYH LQGH[ DQG KDYH VLPLODU FKHPLFDO FRPSRVLWLRQ DQG VWUXFWXUH
SRO\GLPHWK\OVLOLFRQHH[FHSWIRUPROHFXODUZHLJKWDQGYLVFRVLW\:HFDQH[SHFWWKDWLIWKHUHZHUHVRPHFKDQJHV
LQWKHEXEEOHG\QDPLFVLWZRXOGEHWKHHIIHFWVRIYLVFRVLW\
7KHOLIHWLPHRIWKHILUVWEXEEOHZDVIRXQGWREHGHSHQGHQWRQWKHPD[LPXPVL]HDQGZDVWKHUHIRUHORQJHUIRU
ODUJHUSXOVHHQHUJLHV DV VKRZQ LQ ILJXUH7KHPD[LPXPEXEEOHGLDPHWHUGHFUHDVHVZLWK LQFUHDVH LQ WKHNLQHWLF
YLVFRVLW\RIWKHOLTXLG7KHLQLWLDOJURZWKDQGILQDOVKULQNDJHRIWKHEXEEOHZHUHREVHUYHGWRRFFXUYHU\TXLFNO\

7DEOH3K\VLFDOSURSHUWLHVRIZDWHUDQGVLOLFRQRLO
0HGLD 9LVFRVLW\F6W 'HQVLW\NJP 5HIUDFWLYHLQGH[
3XUHZDWHU   

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
)LJ7KHPD[LPXPGLDPHWHUDQGWKHOLIHWLPHRIWKHILUVWODVHUFDYLWDWLRQEXEEOHVLQZDWHUDQGVLOLFRQRLOVZLWKWRF6W7KH
PD[LPXPEXEEOHGLDPHWHUGHFUHDVHVZLWKLQFUHDVHLQWKHNLQHWLFYLVFRVLW\RIWKHOLTXLG7KHLUFRUUHODWLRQLVIDLUO\JRRGDQGWKXVWKHYLVFRVLW\KDV
OLWWOHHIIHFWVWRWKHEXEEOHG\QDPLFV
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
D      E
)LJ D&DYLWDWLRQEXEEOHGLDPHWHUPHDVXUHGLQKRUL]RQWDOGLUHFWLRQDQGLWVFHQWHU ORFDWLRQIRULQGXFHGLQF6WVLOLFRQRLOIURPDP-
DEODWLRQODVHUSXOVHDVDIXQFWLRQRIWLPHDIWHULUUDGLDWLRQ&HQWHUORFDWLRQPRYHGGRZQZDUGZKHQWKHILUVWEXEEOHFROODSVHGDQGWKHGLVWDQFHRI
WKLVPRYHPHQWLVYDULHGZLWKYLVFRVLW\RIWKHPHGLDDVVKRZQLQE

ZLWKVSHHGVH[FHHGLQJPV7KHUHIRUHREVHUYDWLRQVDWWKHVKRUWHVWLQWHUYDORIȝVZHUHFDUULHGRXWWRH[DPLQH
WKHSKHQRPHQDLQGHWDLOGXULQJWKHVHSHULRGV7KHUHVXOWVVXPPDUL]HGLQILJXUHFOHDUO\VKRZHGWKDWGLVSODFHPHQW
GLVWDQFHGHFUHDVHGZLWKNLQHWLFYLVFRVLW\ VXJJHVWLQJ WKDW WKLV SKHQRPHQRQZDVGULYHQE\ OLTXLG IORZDURXQG WKH
EXEEOH7KLV VHTXHQFH UHSHDWHGVHYHUDO WLPHV IRU ORZHUYLVFRVLW\ OLTXLGVZLWK IRUPDWLRQRIPRUH LUUHJXODU VKDSHG
DQGVPDOOHUEXEEOHVZKLOHRQO\RFFXUUHGDIHZWLPHVIRUKLJKHUYLVFRVLW\OLTXLGV,QWKHKLJKHVWYLVFRVLW\RI
F6W WKH ILUVW EXEEOH GLG QRW FRPSOHWHO\ FROODSVH DQG IRUPHG D SHUPDQHQW EXEEOH VXVSHQGHG LQ WKH OLTXLG :H
FRQVLGHUWKDWWKHVLOLFRQRLOPLJKWSRO\PHUL]HGXHWRWKHKHDWRIODVHUJHQHUDWHGSODVPDDQGIRUPHGDEDOORRQOLNH
EXEEOH
3.3 Micromachining on hard and brittle materials by a femtosecond laser 
0DFKLQLQJ FKDUDFWHULVWLFV RIPDWHULDOV E\SXOVH ODVHUV VWURQJO\ GHSHQGV RQQXPEHU RI SXOVHV LUUDGLDWHGRQ WKH
VDPHSRVLWLRQ7RXQGHUVWDQGWKHPDFKLQLQJSURFHVVFOHDUO\LWLVLPSRUWDQWWRREVHUYHKRZPDFKLQLQJG\QDPLFV
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




)LJ7LPLQJFKDUWRIWKHYLGHRIUDPHWKHLOOXPLQDWLQJODVHUSXOVHDQGWKHIHPWRVHFRQGODVHUSXOVHV'HOD\LQGLFDWHVWKDWWKHIHPWRVHFRQG
ODVHUSXOVHV\QFKURQL]HVWRWKHSUREHODVHUDQGFDPHUDJDWHZKLOHGHOD\PVHWFLQGLFDWHGHVLJQDWHGGHOD\LVJLYHQWRWKHSUREHDQGFDPHUDJDWH
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GHSHQGV RQ WKH QXPEHU RI LUUDGLDWHG SXOVHV :H KDYH PRGLILHG WKH +6/69 V\VWHP WR DOORZV XV WR YLVXDOL]H
PDFKLQLQJG\QDPLFVRIHDFKSXOVHLQFRQWLQXRXVPXOWLSOHSXOVHLUUDGLDWLRQV7KHV\VWHPZDVEDVHGRQWKHVHFRQG
V\VWHP GHVFULEHG LQ WKH VHFWLRQ  $Q XOWUDIDVW IHPWRVHFRQG ODVHU ZDV XVHG LQ SHUFXVVLRQ GULOOLQJ RI KDUG
PDWHULDOV FHPHQWHG WXQJVWHQ FDUELGH :&7KH FDPHUD DQG WKHYLVLEOH ODVHUZHUHRSHUDWHG V\QFKURQRXVO\ DW 
N+]RUN+]DQGWKHXOWUDIDVWODVHUZDVRSHUDWHGDWN+]7KHUHVROXWLRQRIHDFKIUDPHRIWKHFDPHUDZDV[
DWN+]7KXVLPDJHVZLWKPVLQWHUYDORULPDJHVZLWKPVLQWHUYDOZHUHUHFRUGHGIRUHDFKODVHU
VKRW7LPLQJFKDUWRIWKHVHHYHQWVLVVKRZQLQILJXUH
7KLVV\VWHPZDVIXUWKHUPRGLILHGWRREWDLQIDVWHUVKRUWHULQWHUYDOREVHUYDWLRQVE\WDNLQJDVHULHVRIYLGHRVZLWK
GHVLJQDWHGGHOD\EHWZHHQWKHSXPSSXOVHDQGWKHSUREHDQGWKHFDPHUDJDWHDVLQGLFDWHGLQWKHILJXUH)RUH[DPSOH
LIZH VHW WKHGHOD\ LQPV LQFUHPHQW DQG WDNH VHULHVRIYLGHRVZHFDQ UHFRQVWUXFW DPV LQWHUYDOYLGHRHYHQ
WKRXJKWKHYLGHRLVQRWUHFRUGHGIRUVLQJOHHYHQW
,Q FDVHRISXOVH ODVHUSURFHVVLQJSXOVHGXUDWLRQ UHSHWLWLRQ UDWH DQGSXOVHRYHUODSKDYH DOVRJUHDW LQIOXHQFH LQ
SURFHVVLQJUHVXOWV7KHVHSDUDPHWHUVIUHTXHQWO\LQIOXHQFHHDFKRWKHUDQGWKXVRXUXQGHUVWDQGLQJVRIODVHUSURFHVVLQJ
EHFRPHGLIILFXOW ,QPDQ\FDVHV WKHUHIRUH WKHHIIHFWVRIDVHWRISDUDPHWHUVDUHFRPSDUHGZLWKRWKHUVHWVRQ WKH
EDVHVRIREWDLQHGUHVXOWVREVHUYHGDIWHUWKHSURFHVVDQGWKXVWKHUROHRIWKHVHSDUDPHWHUVDUHQRWFOHDU0RVWVWXGLHV
RQG\QDPLFVRIODVHUDEODWLRQLQPDFKLQLQJLQFOXGLQJRXURZQVWXGLHVKDYHLQYHVWLJDWHGRQVLQJOHSXOVHG\QDPLFV
DQG WKHFKDQJHRIG\QDPLFVGXH WRPXOWLSOHSXOVHVKDVQRWEHHQ VWXGLHG LQGHWDLO0DQ\ ODVHUDEODWLRQSURFHVVHV
KRZHYHUUHTXLUHPXOWLSOHSXOVHLUUDGLDWLRQVRQVLQJOHSRLQWIURPWRSXOVHVRUPRUH,QWKHVHFLUFXPVWDQFHV
HDFKODVHUSXOVHLQWHUDFWVZLWKPDWHULDOXQGHUGLIIHUHQWFRQGLWLRQVEHFDXVHWKH\ZRXOGFKDQJHZLWKSUHFHGLQJSXOVHV
$EODWLRQG\QDPLFVZRXOGDOVRFKDQJHZLWKQXPEHURI LUUDGLDWHGSXOVHV2XUSXUSRVH LV WRREVHUYH WKHFKDQJHRI
DEODWLRQG\QDPLFVZLWKQXPEHURILUUDGLDWHGSXOVHV
)LJXUHD LOOXVWUDWHVRSWLFDO DUUDQJHPHQW IRUREVHUYDWLRQRISHUFXVVLRQGULOOLQJRQFHPHQWHG WXQJVWHQFDUELGH
:&VDPSOH'LDPHWHURIGULOOHGKROHLQFUHDVHGUDSLGO\LQLQLWLDOWHQWRWZHQW\SXOVHVUHDFKHGDSODWHDXXQWLO
SXOVHVDQG WKHQJUDGXDOO\ LQFUHDVHGDJDLQ(IIHFWVRI WKHODVHUSXOVHHQHUJ\IRFXVSRVLWLRQDQGSRODUL]DWLRQKDYH
EHHQVWXGLHG ,W LV UDWKHUGLIILFXOW WRFRPSUHKHQG WKHFKDQJHV LQ WKHSURFHVVIURPVWLOO LPDJHVSLFNHGXSIURPWKH
YLGHRHYHQWKRXJKZHFRXOGFRPSUHKHQGVRPHFKDQJHVLQYLHZLQJWKHYLGHR6RZHWULHGWRFRQVWUXFWVXEWUDFWLRQ
GLIIHUHQWLDOLPDJHVLQZKLFKRQO\WKHFKDQJHRFFXUUHGLQWZRLPDJHVZDVHQKDQFHGDQGH[WUDFWHG7ZRVXEVHTXHQW
LPDJHVDUHSLFNHGXS IURP WKHYLGHRDQGDGLIIHUHQWLDO LPDJHRI WKH WZRZDVPDGH)LJXUH VKRZVH[DPSOHVRI
GLIIHUHQWLDWHGVXEWUDFWHG LPDJHVDWWRPVDIWHU WKHWKSXOVHLQ WRSURZDQGLPDJHVDWPVDIWHUVW WR
WKSXOVHVLQERWWRPURZ,QPVLPDJHHPLVVLRQRIDEODWLRQSODVPDLVREVHUYHGDVDZKLWHVSRWDQGZKLWHFLUFXODU
DUHDDSSHDUVLQLPDJHVDWPVDQGODWHU:HWKLQNWKLVZKLWHDUHDFRUUHVSRQGVWRGHSRVLWLRQDUHDRIHMHFWHGGHEULV
IURPWKHGULOOHGKROH$WWKSXOVHWKLVDUHDFDQEHREVHUYHGXQWLODURXQGPV7KLVVXJJHVWVWKDWGHSRVLWLRQRI

)LJD6FKHPDWLFVRIWKHRSWLFDODUUDQJHPHQWRI+/69V\VWHPIRUREVHUYLQJSHUFXVVLRQGULOOLQJSURFHVVRQ:&DQGEJHRPHWULFDO
LOOXVWUDWLRQLQLQWHUSUHWDWLRQVIRUREVHUYHGLPDJHV
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)LJ([DPSOHVRILPDJHVDIWHUVXEWUDFWLRQDWWRPVDIWHUWKHWKSXOVHWRSURZDQGLPDJHVDWPVDIWHUVWWRWKSXOVHVERWWRP
URZ
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
)LJ(MHFWLRQRISDUWLFXODWHGHEULVRFFXUUHGIURPVWDQGWKSXOVHEXWQRWIURPQGSXOVH%ODFNURXQGFLUFOHDWWKHFHQWHULVGULOOHGKROH
DQGHMHFWHGGHEULVDSSHDUVDVSDLURIEODFNGRWVLQWKHLPDJHEHFDXVHRQHSDUWLFOHLQWHUVHFWVWZRGLIIHUHQWSRVLWLRQRIWKHLOOXPLQDWLQJODVHUEHDP
DVLOOXVWUDWHGLQILJXUHE7KHSDLUFKDQJHVWKHLUSRVLWLRQLQWLPH'RWVORFDWHGLQKRUL]RQWDOGLUHFWLRQLQWKHLPDJHFRUUHVSRQGWRWKHGLUHFWLRQ
RIODVHULOOXPLQDWLRQ6LPSOHWULJRQRPHWU\DOORZVXVWRHVWLPDWHWKHKHLJKWRIWKHGHEULVDQGORFDWLRQDVDIXQFWLRQRIWLPHDQGWKXVZHFRXOG
HVWLPDWHWKHHMHFWHGVSHHGRIWKHGHEULV

ILQHGHEULVFRQWLQXHVXQWLOWKLVWLPHVFDOH7KLVDUHDEHFRPHVVPDOOHUZKHQWKHLUUDGLDWHGSXOVHQXPEHUH[FHHGV
WRSXOVHVDQGLVQHDUO\KDOYHGDWWKSXOVHVDVVKRZQLQERWWRPURZRIWKHILJXUH7KLVGHEULVVKRXOGEHYHU\
ILQHSDUWLFOHVIRUZHFRXOGQRWVHHFOHDUVKDGRZRIWKHP
/DUJHVL]HGHEULVZDVHMHFWHGRQO\RFFDVLRQDOO\7KXVWKHPRVWRIWKHUHPRYHGPDWHULDOVVKRXOGEHHMHFWHGLQJDV
RUYHU\ILQHOHVVWKDQPLFURPHWUHVL]HGSDUWLFOHV)LJXUHVKRZVVXFKLPDJHVDWVWSXOVHSDLURIEODFNVSRWDQG
PRYHGGRZQZDUGZLWKLQFUHDVLQJVHSDUDWLRQDQGDWWKSXOVHDQGVLPLODUSDLUPRYHGXSZDUGLQWKHLPDJHEXWZH
FRXOGQRWREVHUYH VXFKGRWV DW RWKHUSXOVHV HJ DW QG SXOVH VKRZQ LQ WKHPLGGOH URZ7KHVHSDLU RI GRWV LV
VKDGRZVRIRQHHMHFWHGSDUWLFOHDVHMHFWHGGHEULVDSSHDUDVSDLURIEODFNGRWV LQ WKHLPDJHRQHSDUWLFOH LQWHUVHFWV
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WZRGLIIHUHQWSRVLWLRQRIWKHLOOXPLQDWLQJODVHUEHDPDVLOOXVWUDWHGLQILJXUHE6LPSOHWULJRQRPHWU\DOORZVXVWR
HVWLPDWHWKHKHLJKWRIWKHGHEULVDQGORFDWLRQDVDIXQFWLRQRIWLPHDQGWKXVZHFRXOGHVWLPDWHWKHHMHFWHGVSHHGRI
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
)LJ)UHTXHQF\RISDUWLFOHHMHFWLRQIURPWKHGULOOHGKROHDVDIXQFWLRQRILUUDGLDWHGQXPEHURISXOVHVIRUSHUFXVVLRQGULOOLQJRQFHPHQWHG:&
LQDLU7KHGULOOHGKROHGHSWKLVDOVRSORWWHGLQWKHILJXUH

WKHGHEULV DSSUR[LPDWHO\PV LQDYHUDJHEXWYDULHV IURPSDUWLFOH WRSDUWLFOH7KHVL]HRISDUWLFXODWHGHEULVDOVR
YDULHVEXW WKHLU DYHUDJH VL]H LV HVWLPDWHG WREH DSSUR[LPDWHO\PP ,Q VRPHFDVHV WZRRUPRUHSDUWLFOHVZHUH
HMHFWHG IRURQH ODVHUSXOVHDQGILJXUHVKRZVVWDWLVWLF UHVXOWVRI WKHSDUWLFOHHMHFWLRQDVD IXQFWLRQRI LUUDGLDWHG
SXOVHQXPEHU7KHKROHGHSWKPHDVXUHGDIWHU LUUDGLDWLRQ LV DOVRSORWWHG LQ WKH ILJXUH(MHFWLRQRISDUWLFOHVRFFXUV
PRVWIUHTXHQWO\DWLUUDGLDWHGSXOVHQXPEHUVDURXQGZKHUHWKHKROHGHSWKLVDSSUR[LPDWHO\PP7KHQXPEHU
RIHMHFWHGSDUWLFOHVJUDGXDOO\GHFUHDVHVZLWKLQFUHDVLQJSXOVHQXPEHUDQGEHFRPHVTXLWHUDUHIRURUPRUHSXOVHV
ZKHUHWKHKROHGHSWKH[FHHGVPP
'HSRVLWLRQDUHDRIILQHGHEULVDURXQGWKHRSHQLQJRIWKHKROHGHFUHDVHVIRUODUJHUQXPEHURISXOVHDVVKRZQLQ
ILJXUH:HFRQVLGHUWKDWDEODWHGPDWHULDOVZRXOGGHSRVLWLQVLGHRIWKHGULOOHGKROHDWODUJHUQXPEHURISXOVHVDQG
ODUJHSDUWLFXODWHGHEULVZRXOGEHIRUPHGLQVLGHWKHKROHDQGHMHFWHGLQWHUPLWWHQWO\
&RQFOXVLRQ
:HKDYHGHYHORSHGWKHKLJKVSHHGODVHUVWURERVFRSLFYLGHRJUDSK\WHFKQLTXHWRYLVXDOL]HODVHULQGXFHGSURFHVVHV
LQPLFURVHFRQGWLPHUHVROXWLRQ7KUHHH[DPSOHVRIVXFKYLVXDOL]DWLRQDUHSUHVHQWHG
/DVHUSHHQLQJXQGHUZDWHUZDVYLVXDOL]HGWKURXJK+6/69LQSKRWRHODVWLFLPDJLQJPRGHDQGZHFOHDUO\VKRZHG
WKDW WKH VHFRQGDU\ VKRFNVDQG VWUHVV LVJHQHUDWHGZKHQ WKH ODVHULQGXFHGEXEEOHFROODSVHV7KHPDJQLWXGHRI WKH
VHFRQGVWUHVVLVDSSUR[LPDWHO\RIWKHILUVWRQH
'\QDPLFVRIODVHULQGXFHGFDYLWDWLRQEXEEOHLQOLTXLGZHUHVWXGLHGWKURXJK+6/69LQVKDGRZJUDSKDQGHIIHFWV
RIYLVFRVLW\RIWKHOLTXLGPHGLDZHUHVWXGLHG&HQWHUSRVLWLRQRIWKHEXEEOHPRYHGVWHSZLVHWRGRZQZDUGZKHQWKH
EXEEOHFROODSVHGZKLOHUHPDLQVWKHVDPHSRVLWLRQGXULQJLWVH[SDQVLRQDQGVKULQNDJH
(IIHFWV RI PXOWLSOH ODVHU LUUDGLDWLRQV ZHUH YLVXDOL]HG LQ VLWX LQ IHPWRVHFRQG ODVHU GULOOLQJ RQ:& +/69 LV
FDSDEOHWRYLVXDOL]HWKHG\QDPLFVRIODVHUDEODWLRQLQGXFHGE\HDFKVLQJOHSXOVHIURPFRQWLQXRXVO\LUUDGLDWHG,N+]
ODVHU SXOVHV (MHFWLRQ RI SDUWLFXODWHV IURP WKH GULOOHG KROH RFFXUUHG LQWHUPLWWHQWO\ DQG ZH FRXOG DQDO\]H WKLV
SKHQRPHQRQVWDWLVWLFDOO\
7KH+6/63 WHFKQLTXH LQZKLFK D KLJKVSHHG YLGHR FDPHUD LV FRPELQHGZLWK KLJKUHSHWLWLRQ UDWH VKRUW SXOVH
ODVHULVDTXLWHYHUVDWLOHDQGSRZHUIXOWRROLQG\QDPLFDOVWXGLHVRIIDVWSKHQRPHQD

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